Abstract. Exchange of water in the parafluvial zone, located along the boundaries of meandering streams, arises in response to seasonal variation and spatial distribution. Remarkably, few studies have applied multi-tracer 10 methods for qualitative scrutiny of losing (recharge) or gaining (discharge) reaches along the parafluvial zone.
to estimate oxygen-18 and deuterium by using Liquid water stable isotope analyzer (Los Gatos Research, CA, USA). Also, at each point of water sampling, two bottles (one liter each) were filled for laboratory analysis. The first bottle was acidified (HNO3, 2% v/v) for Cation analysis and the other bottle was non-acidified for anion assertion. The chemical analyses performed at the chemical laboratory of University of ZANJAN used procedures established as standard methods for the examination of water and wastewater (Cleceri et al., 1998) .
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The best way to qualitatively assess the PEHZ, based on isotopic signature and water hydrochemistry, is the HCA technique (Guggenmos et al., 2011; King et al., 2014) . HCA is an unsupervised pattern recognition method which allows the exploratory clustering of observed data sets (Kokot et al., 1998) . This grouping of data set is typically based on i) multivariate statistical techniques (Q-mode) and ii) similarity between data. In this study, parameters from groundwater and surface water samples used for HCA included: major cations (Na -, SO4 2-, HCO3 -, NO3 -) and water geochemistry (EC, pH). The ward linkage method, as well as Euclidean distance measurement techniques, were applied due to their efficacy in water analysis clustering (Güler et al., 2002) . This method groups each component, based on the comparison between percentages of similarity between each component which is ideal to identify the inner-connectivity between neighbor points in a limited area (Raiber et al., 2012) . The number of clusters was determined based on interpretations drawn from the pictorial illustrated 20 dendrogram. In the final step, the phenon line (Sokal and Rohlf, 1962) was used to split the number of representative and appropriate clusters.
Stable isotope of σ 2 H vs σ 18 O
Isotopic composition of groundwater is a useful tool to trace stream-aquifer connectivity and the encroachment of surface water in the hyporheic zone (Payne, 1970) . The isotopic composition of the groundwater recharge 25 follows the incident precipitation rather swiftly and leads to less than 1‰ change in groundwater isotopic composition of theσ 18 O, and σ 2 H (Gat, 1987) . Then, the difference in the composition of σD and σ
18
O in parafluvial water, surface water, and groundwater could be used to precisely characterize the mixing process of 
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where Yz, Ygw, and Ysw denote the concentrations of σ 18 O and σ 2 H in the mixture, ground-water, and surfacewater end members, respectively. When the portion of SW in the parafluvial zone is 100%, Psw is equal to 1 and vice versa.
Spatial and seasonal variability of Parafluvial Flux
EC and σ 18 O are tracers that have opposite functions in groundwater and SW. EC is a measure of the water 15 capability to pass electrical flow which is directly related to the concentration of dissolved ions in the water. The concentration of dissolved salts, like sulfides, chlorides, carbonate, and so on in Groundwater is greater than SW leads to elevation of EC in Groundwater (Rowden, 2008) . σ18O in surface water is highly affected by evaporation, which causes more enrichment of it in SW than in groundwater (see section 4.2).
In this study, we applied EC and σ 18 O to develop a parafluvial flux assessment tool in combination with defining 20 a generalized separator line to distinguish the gaining and losing reaches within the parafluvial zone of the study site. These procedures were conducted at multi-level scale (20cm and 100cm depth below the stream bed sediments) and during the wet and dry season. The divider line was defined based on the opposing isotopic and 
Divider point = [ (ECb(average)+ECsw(average))/2, (δ18Ob(average)+ δ18Osw(average))/2]
where 5 ECb, ECsw, δ 18 Ob, and δ 18 Osw refer to bore water electrical conductivity, surface water electrical conductivity, and heavy isotope of oxygen in bore water and SW, respectively. By drawing two perpendicular lines parallel to the EC andδ18O axis, the framework is divided into four parts with previously mentioned characteristics. The results obtained by this procedure were verified by the application of the pre-established methods, temperature and 222 Rn.
Radon
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Radon ( 222 Rn) is a radioactive noble gas with a half-life of 3.8 days. Radon is produced by the radioactive decay of uranium-series isotopes (Burnett et al., 2010b) . The decay of uranium isotopes attached to the aquifer matrix, within the saturated zone, produces radon which is immediately dissolved in the subsurface matrix and after groundwater containing radon outflows to surface water bodies, radon concentrations decrease due to gas exchange with the atmosphere (which is low in radon) and radioactive decay. Therefore, high radon concentrations were applied to assess the gaining /losing reaches using the method described by Silliman and Booth (1993) .
The vertical temperature time series was measured at 20cm and 100cm depths below the river bed at the representative sampling points and atS1, S2. Furthermore, the change in the daily temperature at 5, 20, 40, 60, 80, and 100cm depth was measured in the afternoon (2.30pm) and dawn (5.30am) to obtain vertical flux upward/ downward movement in the representative parafluvial sampling points.
25
The use of sediment bed temperature anomaly was first introduced by Silliman and Booth (1993) (Constantz et al., 1994; Ronan et al., 1998) .
On the other hand, temperature envelopes (vertical fluctuation of diel temperature) in shallow groundwater provide evidence of flux downward/ upward movement through the near surface sediment system (Baskaran et al., 2009) . Furthermore, distinct multi-level seasonal path shifts can be further observed by scrutinizing the vertical variation of diel temperature.
Results and Discussion
Multivariate Statistical Analysis
10
At the first step, all variables, including major cations, onions and water geochemistry (EC) undergo logarithm 
Hydrochemistry of SW and Parafluvial Water
The seasonal and spatial distribution of the GW hydrochemical properties in the wet season and dry season ( Figure   3 ) is illustrated by using a trilinear piper diagram (Piper, 1944) . There is considerable variation in the relative major ion chemistry in the study area during the wet and dry season. These hydrochemical differences indicate diverse hydrochemical facies which demonstrate the possibility of distinct parafluvial flow mechanisms.
Comparison of S1 and S2 with H1 through H10 highlights that these two water bodies have almost the same 5 characteristics during the wet season, with the CaHCO3 water type and the high proportion of Ca in the two water bodies suggesting the occurrence of ground water recharge (Dixon-Jain, 2012). The mean values of the major ion chemical properties of the study area for C1, C2, C'1, and C'2 are described in Table 1 The low value of EC, especially in the wet season, corroborates the fact that water in the parafluvial zone is generally diluted, possibly on account of rapid recharge, and the calcite-water provides evidence for interaction between Marl plus CaSO4 + 10 type aquifer matrix and two water bodies (Werner et al., 2007) .
In the dry season, ground water is mainly NaHCO3 type, for which HCO3 and Na are the dominant anion and cation respectively, with a low value of Ca (Table 1 ). The close vicinity of S1, H3, H2 and S2, H7, H8 , shows that They exhibit similar hydrochemical proportions. From this, a high degree of parafluvial water-river water interaction can be inferred. The same analysis has been reported by Forsmark (2007) . In the wet season, HCO3
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and Ca are the most dominant anion and cation respectively (Table 1) . Furthermore, The pivotal change in the features of PEHZ cab be inferred by considering the shift of dominant cation type in the wet season (Na) and dry season (Ca) and the presence of HCO3 as the dominant anion type, as well as comparing with the S1 and S2
( Figure 3) .
While, the piper diagram provides beneficial information dealing with water chemistry and the stream-aquifer 20 connectivity, alone it lacks the ability to represent accurately the seasonal and spatial alterations in HW-RW. For this reason, a combination of several environmental tracer methods has been suggested (Fleckenstein et al., 2010) to better conceptualize and evaluate the mixing patterns of GW-SW interaction.
The stable isotope ratio
The mixture of rainfall with pre-existing water in a system and evaporation (Kendall and McDonnell, 2012) causes 25 variation in the isotopic composition of rainfall, making the deviation in the stable isotope signature inevitable.
The conservative and non-reactive naturally occurring water isotopes, σ18O and σD, have been recognized as effective tools to recognize the mixing process between several source waters (Woocay and Walton, 2008 groundwater outflow, especially in August when parafluvial water has the greatest contribution to SW.
Comparison between σ18O and EC at two depths, using the SW values as a basis for this estimation, indicates the dominance of groundwater outflow (discharge). For instance, at H1 in July the value of σ18O depleted from -2.73‰ to -2.89‰ and EC increased from 425.55 to 458.27 at 20cm and 100 cm respectively (S1 which is -1.76
and 430.74). This indicates the higher degree of inner-connectivity between SW and H1 at 20cm depth and the 15 upward movement of water from 100cm to 20cm (The similar analyses are valid for all other points and while the monthly outcome of it is represented in Figure 5 ). Figure 5 shows that the values of the isotopic composition at 20cm are more enriched than at 100 cm and are close to the subsequent values of surface water, except C2 at H4, and H5. This discrepancy in depth is possibly due to hyporheic recharge at the depth of 20cm during dry seasons. This similarity is because of the different soil 20 texture in pz3, sandy loam with sand content greater than 45%, which facilitates the transportation of highly enriched surface water in shallow groundwater. By further scrutinizing the result of parafluvial samples, the lower value of EC in the surface water in comparison with parafluvial sampling points demonstrates greater similarity of higher hyporheic components than is typical. All of the aforementioned characteristics demonstrate that the inner connectivity of between alluvial aquifer and river bank at H1, H3, H5, H7, and H9 are probably due to 25 hyporheic discharge. Similar analyses apply for all other points and the monthly outcome of EC and σ18O for all points and at the two depths is represented in Figure 5 .
In order to better delineate the stream-aquifer connectivity, the authors used two elements in surface water and groundwater that behave in an opposite manner, EC and σ18O. EC in groundwater is higher than SW (Yan et al.,
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These characteristics are rarely studied and require further investigation in multiple countries and different weather conditions to establish the credibility of the methods introduced in this study. Also, as shown in Table 2 and Table 3 , the fractionation of parafluvial water outflow to surface water is higher in dry seasons than in wet seasons, which poses a potential risk of surface water quality deterioration due to hyporheic water infiltration, especially in dry season, and in conditions where the possibility of parafluvial discharge predominates.
20
Time Series of the Temperature Oscillation
Advective transport of heat reveals distinct thermal patterns to losing versus gaining stream (Constantz et al., 2003) . A qualitative investigation of gaining versus losing streams was first introduced by Silliman and Booth (1993) who used sediment bed and shallow groundwater daily temperature time series. Based on this method, we investigated the qualitative relationship between sediment bed temperature and a parafluvial water temperature 25 time series to validate the accuracy of the results obtained in Section 5.3. In order to avoid repetitive analysis, points show similar gaining or losing status at both 20 cm and 100cm depths were chosen as a criterion and representative of whole study site. So in dry season and for gaining conditions, points H1, H2, H3 in July and in August H1 and in September H1, H8, for losing stream condition in September H3 (no reported losing stream condition in July) were selected representative points. Figure 10 shows the recorded temperature time series at
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the aforementioned points during dry season. In the all gaining locations, the parafluvial temperatures vary slightly, registering only small temperature fluctuation during the day, even reducing from 20cm to 100 depth.
The difference between maximum and minimum recorded daily temperature for H1, for example, at July in the river sediment, 20cm and 100 cm were 3.51^C, 0.86^C respectively ( Table 3) . As is evident from Table 3 and Figure 10 , temperature in the river sediment fluctuated extensively throughout the day on account of hot and dry 5 weather conditions during the dry season (daytime temperature was above 29^C )and hence, the relatively cool SW and cooler parafluvial water with constant temperature was completely aligned with the results obtained in Section 5.3, which provides strong evidence of groundwater outflow. Seasonal temperature oscillations and lag time between amplitude of parafluvial water and streambed sediment temperatures, and temperature damping at 20cm depth with lesser amplitude at 100 cm depth, are evident in Figure 10 . The parafluvial temperature shows a 10 reverse resonance with sediment bed temperature, with slight diurnal variation (0.6-2^C). The slighter diurnal temperature variation in parafluvial water than sediment bed (5 to6^C) is probably due the fact that the downward propagation of surface water temperature is moderated by the groundwater's upward movement from depth, where temperature is relatively constant on the daily time scale.
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Seasonal temperature oscillations and lag time between the amplitude of parafluvial water and streambed sediment temperatures, and temperature damping at 20cm depth with lesser amplitude at 100 cm depth are evident. The parafluvial temperature shows a reverse resonance with sediment bed temperature and a slight diurnal signal was detected in the parafluvial water, which typically indicates the dominance of gaining conditions. Figure 11 depicts how changes associated with sediment bed Temperature affected the parafluvial water 20 temperature during the wet season . The response at 20cm possesses higher intensity than 100cm depth.This can be construed as the extensive inflow of groundwater at these points. Furthermore, the close conformity of sediment bed and parafluvial water temperature oscillations with slight shifts in variation and decreased amplitude affirms the evidence that these temperature oscillations are a response to groundwater recharge. As a consequence of the same schema of sediment bed vacillation the maximum and minimum values of temperature in August and 25 September, described in Table 4 , are not constant over the time.
The phase and amplitude of the stream bed sediment temperature oscillation are very similar to the corresponding parafluvial water temperature variation at 20cm and 100cm, which reveals the facilitated stream outward flux and heat transport, due to high permeability of streambed sediments. The regular parafluvial water temperature oscillations are related to the stream bed signal, since transport of warmer SW into the parafluvial zone of lower at the greater depths, between 60cm to 100cm, there might be an upward water flux due to lower temperature variation and elevated radon activity, particularly for H3-Sep, H1 Mar, and 40 to 100cm for H3-Jul, and H1-Aug respectively. These variations in the temperature and radon activities at one point indicate an opposing water flow direction at these depths. The appearance of these contradictory flow paths suggests that PEHZ is affected by the larger scale groundwater regional flow-field, with downwelling movement at the shallow groundwater and 5 upwelling flow at deeper groundwater. Moreover, this finding affirms that the results depicted in Figure 6 and 9, which demonstrated the opposing gaining/losing characteristics at different depth of the same points, can be inferred from the fact that the parafluvial zone of the study site is firmly enclosed, with bounded regional flowfield. The same analysis has been reported by Cranswick et al. (2014) .
The sharp elevation in the values of radon activity from 20cm to 100cm depths, in association with attenuated 10 diel temperature variation at depth in H8-Sep, H1-Apr, H1-Mar, H9,May, H1-Ju, H2-Jul, can be interpreted as significant influence of SW on the geochemical characteristics of the parafluvial water that might be due to hyporheic upwelling flux. Moreover, the sharp transition from low radon activity in the river sedimentbed to higher radon activity with considerable attenuated diel temperature oscillation is due to circulation of the shallow parafluvial flowpaths which embed within regional groundwater flowpaths (similar analysis was reported by Fox The results obtained from vertical assessment of diel temperature oscillation and radon activity (Except H3-Sep and H1-Mar) are completely in accordance with the results of EC and σ18O, which demonstrates the probability of complex parafluvial mixing patterns within the hyporheic exchange zone in the study site.
Conclusions
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Integrated analysis of stable isotope and EC provides a promising means to estimate the spatiotemporal variations of stream-aquifer connectivity at different vertical levels examined in this study. Analysis of δ 18 O and δD at various depths (20cm and 100cm below the streambed sediments) and within the hyporheic zone. The integration of water stable isotopes with EC as a single framework was infrequently applied and verified in other studies.
This procedure was followed by hydrochemical analysis of bore water, surface water, and parafluvial water, which 
